In this study, drop weight tear tests (DWTT) were conducted on API X70 and X80 linepipe steels fabricated with various compositions and rolling and cooling conditions in order to correlate the strain hardening with the abnormal cleavage fracture occurring in the hammerimpacted area. Area fractions of fracture modes were measured from fractured DWTT specimens, and the measured data were analyzed in relation to microstructures, Charpy impact energy, and strain hardening. All the steels consisted of fine acicular ferrite, together with some bainitic ferrite, granular bainite, and martensite-austenite constituent. As the volume fraction of acicular ferrite increased, the area fraction of DWTT abnormal cleavage fracture decreased because the toughness of acicular ferrite was higher than other microstructures. The area fraction of abnormal cleavage fracture was weakly related with strain hardening exponents obtained from the quasi-static tensile and compressive tests, but showed better correlation with those obtained from the dynamic compressive test. This tendency could be more clearly observed when steels having similar Charpy impact energy levels were grouped. Since the DWTT was performed under a dynamic loading condition, thus, the abnormal cleavage fracture behavior should be related with the strain hardening analyzed under a dynamic loading condition.
I. INTRODUCTION
RECENTLY, linepipe steels used to transport crude oil or natural gas over a long distance have become thicker and larger, and require high strength and toughness simultaneously to improve transportation efficiency under a high-pressure condition. [1] [2] [3] Oil-drilling operation in very cold areas, e.g., Alaska and Siberia, has been actively conducted because of worldwide resource depletion, and thus linepipe steels having excellent low-temperature toughness are highly demanded. Several laboratory testing methods for evaluating fracture properties of these steels have been developed to reasonably correlate with full-scale fracture behavior, and Charpy impact test and drop weight tear test (DWTT) are representative ones. [1, [4] [5] [6] The absorbed energy obtained from the Charpy impact test is generally used as a standard to evaluate the resistance to unstable ductile fracture. The DWTT is an essential method to evaluate the fracture propagation transition temperature of linepipe steels, [4, 7, 8] and uses specimens having same thickness as actual linepipe steels to better explain the full-scale fracture behavior. [4] [5] [6] In recently developed high-toughness linepipe steels, however, an abnormal fracture appearance is sometimes observed on fracture surfaces of DWTT specimens, and acts as a problem in reliable evaluation of DWTT properties. [9] [10] [11] [12] This abnormal fracture appearance occurs in the area impacted by a heavy hammer after the initiation of initial cleavage fracture at the notch. [12] [13] [14] In normal fractured DWTT specimens, initial cleavage fracture surfaces are observed near the notch tip and shear fracture surfaces are shown in the center of the DWTT specimens. In the abnormal fractured DWTT specimens, however, cleavage fracture surfaces are observed near the hammer-impacted regions as well as near the notch tip. The crack propagation direction of the abnormal cleavage fracture is from the center of the DWTT specimen to the hammer-impacted region. [4, [9] [10] [11] [12] It is well known that the abnormal cleavage fracture results from the reduced toughness of the hammerimpacted regions due to the work hardening by the strong and sudden hammer impact. [14, 15] Large abnormal cleavage fracture surfaces are shown in the DWTT specimens of recently developed high-strength hightoughness API linepipe steels, [16] so that the steels do not satisfy the API toughness warranty condition that is more than 85 pct shear fracture surface appearance in the DWTT specimen fractured at 253 K (À20°C). [5] [6] [7] It is impossible to use the steels as pipe lines. Therefore, it is needed to investigate the cause and preventing method of the abnormal cleavage fracture in recently developed high-strength high-toughness API linepipe steels.
Solutions for preventing or minimizing the abnormal cleavage fracture have not been sufficiently made yet. Iwasaki et al. [17] reported from the plastic deformation and fracture study of DWTT specimens that a high compressive pre-strain was introduced inside the DWTT specimen, and that the work hardening due to the compressive pre-strain was closely related with the abnormal cleavage fracture. Nozaki et al. [12] pointed out the occurrence of more serious abnormal cleavage fracture in pressed notched DWTT specimens than in Chevron-notched DWTT specimens, in which the fracture initiation energy is reduced by inserting the sharp Chevron notch. Mannucci and Harris [5] suggested that the significantly increased thickness of the hammerimpacted area during the DWTT reduced the toughness by raising the stress triaxiality in the hammer-impacted area. Though it is generally accepted that the work hardening due to the hammer impact is closely related with the abnormal cleavage fracture, the contribution from testing conditions of specimen dimensions and test temperatures, microstructures, tensile properties, and other fracture properties affecting the abnormal cleavage fracture have not been sufficiently verified. In particular, the abnormal cleavage fracture is generally explained by the work hardening behavior obtained from the quasi-static tensile test, but should be understood by the dynamic deformation and fracture behavior, as illustrated in a schematic diagram of Figure 1 showing various dynamic loading conditions of a DWTT specimen impacted by a hammer. Therefore, systematic studies on mechanisms of abnormal cleavage fracture and work hardening under dynamic loading conditions are essentially needed.
The abnormal cleavage fracture occurring in the hammer-impacted area of high-toughness API X70 and X80 grade linepipe steels fabricated with various chemical compositions and rolling and cooling conditions was evaluated in this study. Area fractions of fracture mode were measured from fractured DWTT specimens, and the measured data were analyzed in relation to microstructure and strain hardening. Dynamic compressive tests were performed at a strain rate of about 10 3 s À1 by a split Hopkinson's pressure bar, and the strain hardening behavior was compared with those of quasi-static tensile and compressive tests. Based on the test results, the feasibility of utilization of dynamic compressive deformation behavior for analyzing the abnormal cleavage fracture was investigated.
II. EXPERIMENTAL

A. Linepipe Steels
The steels used in the present study were API X70 and X80 grade steels (yield strength level; 482 to 551 MPa (70 to 80 ksi)), and are referred as ''A,'' ''B,'' and ''C.'' Their chemical compositions and rolling and cooling conditions are shown in Tables I and II, respectively. An overall grain refinement effect was expected by rolling with a high rolling reduction ratio (75 pct) in the nonrecrystallized region of austenite after austenitization at 1473 K (1200°C) ± 20 K (À253°C) for 2 hours. Rolling of thick plates of 100 mm in thickness was started at 1363 K (1090°C), and was finished in the range of 1013 K to 1143 K (740°C to 870°C), which were the temperature of austenite single phase region, to produce six steel plates of 25.5 mm in thickness. After the finish rolling, the steel plates were rapidly cooled down to 683 K to 743 K (410°C to 470°C) at cooling rates of 13 to 23 K/s, and then were cooled in the air to room temperature. For convenience, the B steel plates finishrolled at 1143 K, 1113 K, 1083 K, and 1053 K (870°C, 840°C, 810°C, and 780°C) are referred to as ''B1,'' ''B2,'' ''B3,'' and ''B4,'' respectively.
B. Microstructural Analysis and Tensile, Compressive, and Charpy Impact Tests
The steel specimens were polished and etched in a 2 pct nital solution and microstructures of L-T planes were observed by a scanning electron microscope (SEM, model; S-4300E, Hitachi, Tokyo, Japan, resolution: 
lm).
Five micrographs were taken at least for each steel, and various microstructures were colored in an image analyzer to classify each microstructure and to measure its volume fraction. Electron back-scatter diffraction (EBSD) analysis (resolution 0.2 lm) was conducted by a field emission scanning electron microscope (FE-SEM, model: S-4300SE, Hitachi, Japan). The data were then interpreted by orientation imaging microscopy (OIM) analysis software provided by Tex-SEM Laboratories, Inc.
Tensile, compressive, and Charpy impact specimens were obtained from the 1/2 thickness location of the rolled plate. Round tensile specimens having a gage diameter of 6 mm and a gage length of 30 mm were prepared in the transverse direction according to the ASTM Standard E8m-09, [18] and were tested at room temperature at a strain rate of 10 À4 s À1 by an Instron machine (model; 5567, Instron, USA) of 100 kN capacity. Since all the steels showed the continuous yielding behavior, the 0.2 pct off-set stress was determined to be the yield strength. Compressive tests were conducted on cylindrical specimens (size; 5F 9 5 mm) at a strain rate of 10 À3 s À1 at 253 K (À20°C) by an Instron machine (model; 5567, Instron, USA). The 0.2 pct off-set stress was determined to be the yield strength. Charpy impact tests were performed on standard Charpy V-notch specimens (size; 10 9 10 9 55 mm, orientation; transverse-longitudinal (T-L)) at 253 K (À20°C) by a Tinius Olsen impact tester (model: FAHC-J-500-01, JT Toshi, Tokyo, Japan) of 500 J capacity. [19] C. Drop Weight Tear Test (DWTT)
The DWTT specimen had a size of 76.29305925 mm in T-L direction in accordance with the API RP 5L3 specifications, and then a pressed notch was introduced into it, as shown in Figure 1 . [4] These specimens were tested at 253 K (À20°C) (test temperature recommended by the API) by a DWTT testing machine (model: DWTT-100, Imatek, UK) of 100 kJ capacity.
After the DWTT, fracture surfaces were observed by an SEM, and the area fractions of initial cleavage fracture, ductile fracture, and abnormal cleavage fracture were measured by an image analyzer.
D. Dynamic Compressive Test
A split Hopkinson's pressure bar was used for dynamic compressive tests, [20, 21] whose schematic diagram is presented in Figure 2 . A cylindrical specimen (size; 5F 9 5 mm) situated between incident and transmitter bars was compressed by a striker bar (diameter; 20 mm) projected at a high speed using an air pressure of 0.3 MPa, and the strain rate could be controlled by varying the compressive pressure. Here, the longitudinal-transverse (L-T) plane was contacted with a compressive striker bar, considering the hammer impact direction during the DWTT. During the dynamic compression, the incident wave, reflective wave, and transmitted wave were respectively detected at strain gages, and recorded at an oscilloscope. Among the recorded wave signals, average compressive strain rate expressed as a function of time was measured from the reflected wave, while compressive stress expressed as a function of time was measured from the transmitted wave. Dynamic compressive stress-strain curves were obtained from these two parameters by eliminating the time term. Dynamic compressive tests were performed at 253 K (À20°C), and the strain rate during the test was 2.0 to 3.5 9 10 3 s À1 . Detailed descriptions of the dynamic compressive test are provided in References. 20, 21
III. RESULTS
A. Microstructure SEM micrographs of the six steels (A, B1, B2, B3, B4, and C steels) are shown in Figures 3(a) through (f). All the specimens are basically composed of acicular ferrite (AF), granular bainite (GB), bainitic ferrite (BF), and martensite-austenite (MA) constituent. [22] [23] [24] [25] These microstructures are marked in SEM micrographs, and their volume fractions were measured, as summarized in Table III . In terms of shapes and characteristics of microstructures, AF is generally characterized by irregular-shape, fine grain size, and arbitrary directional alignment. It is known as a microstructure having good combination of strength and toughness because of its high interior dislocation density and fine grain size. GB is an equi-axed microstructure, contains island-type MA constituents, and has low toughness because of its coarse grain size. BF is generally formed at fast cooling rates, and has high strength and low toughness because of its lath-type microstructure. Each microstructure is classified by these morphological categories.
In all the steels, fine AFs are mostly observed, while BF, GB, and MA are dispersed in the AF matrix. The A steel contains a considerable amount of GB (22 vol pct), without BF, because of its low carbon equivalent (0.36) and slow cooling rate (13 K/s). In the B1 steel, volume fractions of BF, GB, and MA are 16, 12, and 3.3 pct, respectively. In the other B steels (B2, B3, and B4 steels), the overall microstructure is similar to that of the B1 steel, but the volume fraction of AF tends to increase as the finish rolling temperature decreases (in the order of the B1, B2, B3, and B4 steels), while the volume fractions of BF, GB, and MA decrease (Figures 3(c) through (e) and Table III ). Particularly in the B4 steel, the volume fraction of AF reaches 88 pct, whereas the volume fractions of BF and MA are quite low at 2 and 1.3 pct, respectively. The C steel contains a considerable amount of BF and MA (10 and 4.9 vol pct, respectively), without GB, because of its high carbon equivalent (0.46). The overall microstructures are more affected by carbon equivalent than by cooling rate or finish rolling temperature.
B. Tensile, Compressive, and Charpy Impact Properties Table IV shows room-temperature tensile properties of yield strength, ultimate tensile strength, elongation, and strain hardening exponent. The A, B1, and B2 steels satisfy the yield strength requirement for API X70 grade steels (482 MPa), while the B3, B4, and C steels satisfy the yield strength requirement for API X80 grade steels (551 MPa). The reason behind the dissatisfaction of the X80 strength requirement in the B1 and B2 steels is related with the relatively large grain size due to the large containment of GB. The A steel has the lowest yield strength and highest elongation, whereas the C steel has the highest yield strength and lowest elongation. The strain hardening exponent (N) was measured in the plastic range of the true stress-strain curve by using the following Swift's equation:
where r, e, a, and b are flow stress, plastic strain, strength index, and material constant, respectively. The strain hardening exponent is lowest in the C steel, and increases in the order of B1, A, B2, B4, and B3 steels.
The compressive test results (tested at 253 K (À20°C)) are shown in Table V . Since the compressive stress continuously increased as the specimen was deformed without failure, the maximum compressive strength could not be defined in the present test. The overall trend of compressive yield strength is similar to that of yield strength of the room-temperature tensile test. The strain hardening exponent measured by using the Swift's equation ranges from 0.10 to 0.16, and its overall trend is similar to that of the room-temperature tensile test.
The Charpy energy data tested at 253 K (À20°C) are shown in Table V . The absorbed energy is highest in the B4 steel because of the highest volume fraction of AF and lowest volume fraction BF or MA, and decreases in the order of the B1, B3, B2, A, and C steels. The C steel shows the lowest absorbed energy because it contains a number of BF and MA. Figure 4 shows overall fracture surfaces typically appeared in the DWTT specimens fractured at 253 K (À20°C). Fracture surfaces are divided into three modes: (1) initial cleavage fracture occurring near the notch tip, (2) ductile shear fracture, and (3) abnormal cleavage fracture occurring in the hammer-impacted area. According to these classifications, their respective area fractions were measured by an image analyzer, and the results are shown in Table VI . The initial cleavage fracture shows a triangular shape, and the abnormal cleavage fracture initiates at the center region of the specimen and proceeds toward the hammer-impacted region. [15] Delamination is a secondary crack which is parallel to the fracture propagation direction caused by stress concentration, which is shown in the both of initial cleavage and ductile fracture areas. [16] Generally, impact toughness decreases as delaminations occur in DWTT specimens. In the terms of fracture propagation behavior, crack propagation speed of delamination is very fast, thereby decreasing the fracture propagation resistance and impact toughness. Therefore, in the present study, delaminations played the role of decrease in toughness. The American Petroleum Institute (API) recommends the satisfaction of 85 pct shear appearance at 253 K (À20°C) as a guaranteed toughness condition in linepipe steels. [5] [6] [7] A considerable amount of abnormal cleavage fracture is formed at the hammer-impacted area in the A, B1, and B2 steels. The initial cleavage fracture is initiated from the notch, and then is transferred to the ductile fracture after being propagated in a certain distance. Figures 5(a) through (c) show SEM fractographs of the normal cleavage fracture near the notch of the DWTT specimen of the B4 steel fractured at 253 K (À20°C). Fractographs in (b) and (c) are the high magnification images of the white dotted area in (a), and show stair-type and quasi-cleavage fracture surfaces with a small amount of dimples. According to the studies of fracture surfaces of Charpy impact specimens of AISI 4340 steels, Saeidi et al. [26] reported that the radial marks point to the origin of the fracture and the crack initiation site near the notch of Charpy impact specimens consists of dimples. In the radial mark region, the mixed fracture mechanism which consists of cleavage fracture surfaces and dimples exist together. This type of fracture is called quasi-cleavage fracture surface. It is well known that the area fraction of cleavage fracture surfaces increase as test temperature decreases and ductile-brittle transition temperature obtained from DWTT is higher than that obtained from the Charpy impact test. [1] [2] [3] 5] Hence, quasi-cleavage fracture surfaces are shown in the fracture initiation region of the normal cleavage fracture occurring near the notch of the DWTT specimen of the B4 steel ( Figure 5 ). In the abnormal cleavage fracture initiated at the hammer-impacted area, the cleavage fracture mode occurs again. The crack initiation point and crack propagation direction of the abnormal cleavage fracture in the DWTT specimen are determined through the analysis of the radial pattern with wavy shapes on the cleavage surface of the abnormal cleavage fracture. [11] [12] [13] [14] [15] [16] Figures 6(a) and (b) show the SEM fractographs of the crack initiation regions of the abnormal cleavage fracture surface in the DWTT specimen of the B4 steel. Figure 6 (a) shows the radial pattern with wavy shapes on the abnormal cleavage fracture surface in the DWTT specimen (yellow arrows). Figure 6 (b) is the SEM fractograph of the (b) region in Figure 6 (a). Radial pattern with wavy shapes points toward the region between ductile fracture and cleavage fracture. Sowards et al. [27] reported that the crack initiation point of the cleavage fracture is the point where the radial patterns with wavy shapes converge inversely. The wavy pattern propagates in a straight line in Figure 6 (c) and a curved shape in Figure 6 Figure 7 is a schematic diagram showing crack initiation points and propagation directions of normal and abnormal fracture in the DWTT specimen, which are determined by the analysis of the crack initiation point and propagation direction of the abnormal cleavage fracture in Figures 6(a) through (d) . The crack propagation direction of the abnormal cleavage fracture is the same as the crack propagation direction of the normal fracture. This result matches previous studies that the abnormal cleavage fracture initiates at the center of DWTT specimen and propagate toward the hammer impact region. [13] [14] [15] [16] The fracture sequence is (a) cleavage at notch, (b) delamination, (c) final abnormal fracture. However, further studies regarding the abnormal cleavage fracture and delaminations are needed to investigate the DWTT fracture mechanisms. In the B3 and B4 steels fractured at 253 K (À20°C), the ductile fracture area is mostly observed, together with a small amount of initial cleavage fracture and abnormal cleavage fracture, and thus the B3 and B4 steels satisfy the guaranteed toughness condition of the API recommendation. The C steel does not satisfy the API toughness condition because the abnormal cleavage fracture occurs largely, although the initial cleavage area is small.
C. DWTT Fracture Modes
Volume Fractions of Acicular Ferrite, Bainitic Ferrite, Granular Bainite, and Martensite-Austenite Constituent Present in the API X70 and X80 Steels (Pct) Steel Acicular Ferrite Bainitic Ferrite Granular Bainite Martensite-Austenite
D. Dynamic Compressive Properties
Figures 8(a) through (f) present true compressive stress-strain curves obtained from the dynamic compressive test at 253 K (À20°C), from which yield strength and strain hardening exponent are obtained Tested at 253 K (À20°C) (pct).
as listed in Table VII . True compressive stress-strain curves were obtained by detecting first elastic compressive waves. Second elastic compressive waves, which were applied into the specimen again by reflection, were not measured in the present test. Though the measurement of all elastic compressive waves was finished at the true strain of about 0.4, this did not mean the specimen failure, but the true strain appeared continuously after the strain of 0.4, as indicated by arrows in the curves.
The maximum compressive strength could not be defined because of the continuously increased compressive stress without failure. The strain hardening exponent was measured by using the Swift's equation. The yield compressive strength is lowest in the A steel, and increases in the order of the B1, B3, B4, B2, and C steels. The overall trend of dynamic compressive yield strength roughly follows the trend of quasi-static compressive yield strength, although the former is about twice higher than the latter because of the strain rate hardening effect. The dynamic strain hardening exponent is lowest in the C steel, and increases in the order of the B3, A, B4, B2, and B1 steels. It ranges from 0.42 to 0.78, which shows the four or five times higher values than those of the quasi-static compressive test.
IV. DISCUSSION
A. Effect of Microstructure on DWTT Abnormal Cleavage Fracture
The present linepipe steels are composed of AF, BF, GB, and MA, and their strength and toughness are affected by these microstructural constituents. Lee et al. [28] reported that the strength and Charpy impact properties were enhanced with decreasing finish rolling temperature as grains were refined. When the finish rolling temperature decreases, a number of dislocations formed inside heavily elongated austenite grains work as ferrite nucleation sites to form many refined ferrites. [29, 30] In this case, fine-grained AFs are generally formed at nucleation sites, while hard secondary phases such as MA are finely and homogeneously formed. Thus, the volume fraction of AF becomes higher than that of bainitic microstructures with decreasing finish rolling temperature. [15] As the volume fraction of BF increases, the strength increases, while the toughness decreases, because of its high internal dislocation density. [25] The decrease in toughness leads to the reduction in area fraction of ductile fracture mode, [31] although the correlation of volume fraction of BF and abnormal cleavage fracture is hardly known. GB shows low toughness because it has relatively large packets. [32] The high volume fraction of GB acts as a reason of the increased area fraction of initial cleavage fracture or abnormal cleavage fracture. The A steel having highest volume fraction of GB shows the highest area fraction of initial cleavage fracture, and the area fraction of abnormal cleavage fracture is relatively high at 26 pct. In the B1 and B2 steels whose volume fraction of GB is 12 to 14 pct, the area fraction of abnormal cleavage fracture is higher than 30 pct. In the B3, B4, and C steels whose volume fraction of GB is lower than 8 pct, the area fractions of initial cleavage fracture and abnormal cleavage fracture are lower than those of other steels. This indicates that GB negatively affects the occurrence of abnormal cleavage fracture as well as initial cleavage fracture. Thus, the reduction in volume fractions of BF and GB works for the prevention or minimization of initial and abnormal fracture.
AF is generally characterized by fine grain size and irregular-shape, and contains fine island-type MAs at its boundaries. It is generally accepted that the toughness of AF is excellent because the unit crack propagation path is reduced by the grain refinement and irregularshape. [33, 34] In order to confirm the grain refinement effect of AF, the EBSD analysis was performed on the B2 and B4 steels whose AF volume fractions are low and high, respectively, and the data are shown in Figures 9(a) through (d) . Inverse pole figure (IPF) maps can be represented in different colors, depending on the orientation of each point (Figures 9(a) and (b) ). The boundaries between grains having different orientations of 15 deg or higher, i.e., high-angle boundaries, and those having lower orientations than 15 deg, i.e., lowangle boundaries, are colored in blue and red lined, respectively (Figures 9(c) and (d) ). The effective grain sizes of the B2 and B4 steels are 12.8 and 8.4 lm, respectively, and the fraction of high-angle grain boundary is higher in the B4 steel (46 pct) than in the B2 steel (35 pct). These results are in good agreement with the previous researches because the grain refinement of AF beneficially works for the toughness improvement. With increasing volume fraction of AF, accordingly, the toughness increases, and the area fraction of abnormal cleavage fracture decreases. [15, 23, 35] Figure 10(a) shows the relation between volume fraction of AF and area fraction of abnormal cleavage fracture. As the volume fraction of AF increases, the area fraction of abnormal cleavage fracture decreases.
MA can work for the increased fractions of initial and abnormal cleavage fracture because it acts as fracture initiation sites or stress concentration sources. [36] [37] [38] Figure 10(b) shows the area fraction of abnormal cleavage fracture as a function of volume fraction of MA. The increasing trend of abnormal cleavage fracture with increasing volume fraction of MA is observable in the steels except the C steel. In the C steel containing highest volume fraction of MA (4.9 pct), the area fraction of abnormal cleavage fracture is lower than in the A, B1, and B2 steels because the volume fraction of AF is quite high (85 pct) and most of MAs are distributed finely at boundaries of AF. In order to prevent or minimize the abnormal cleavage fracture, therefore, the volume fraction of MA should be reduced, while the volume fraction of AF is increased.
Han et al. [39] reported that the specimen which had the high strength according to the high volume fraction of MA, showed the excellent low-temperature impact properties because the resistance to crack propagation was enhanced as it had smaller effective grain size due to homogeneous distribution of MAs. These findings indicate that low-temperature impact toughness as well as strength can be improved by promoting fine and homogeneous formation of MA, known as a harmful microstructural parameter for low-temperature impact properties. In order to address problems such as price rise of alloying elements or recycling of resources in the future, more systematic studies on alloying compositions and cooling rates are required. In order to further develop economical and environmentally friendly linepipe steels having excellent mechanical properties, intensive studies to achieve optimal alloying compositions and cooling conditions and to clarify mechanisms involved in improved mechanical properties should be continued.
B. Correlation Between Tensile, Compressive, and Charpy Impact Properties and DWTT Abnormal Cleavage Fracture
Hwang et al. [13] reported from linepipe steel studies that the toughness decreased in steels having high strain hardening because the hammer-impacted area was rapidly strain-hardened during the DWTT, which acted as a main reason of the increased abnormal cleavage fracture. This implies that the occurrence of abnormal cleavage fracture is closely related with the strain hardening in the hammer-impacted area. The notch shape of the DWTT specimen also affects the occurrence of abnormal cleavage fracture. For example, the abnormal cleavage fracture occurs more in the DWTT specimen containing a pressed notch than in the specimen containing a chevron-notched notch because of the larger strain hardening in the hammer-impacted region and the higher fracture initiation energy. [13] Figures 11(a) and (b) show the area fraction of DWTT abnormal cleavage fracture surface as a function of strain hardening exponents obtained from the quasistatic tensile and compressive tests. Since data points are widely distributed in Figures 11(a) and (b) , the tendency between DWTT abnormal cleavage fracture and strain hardening exponents is not clearly visible. This is because there is a limitation for explaining the abnormal cleavage fracture by strain hardening exponents obtained from the quasi-static tensile and compressive tests. This is mainly caused by the difference in testing methods between quasi-static tensile and compressive tests and dynamic DWTT, in which the compressive load is rapidly applied into the specimen. The strain hardening behavior can also be varied with strain rates or loading conditions.
According to Dieter, [40] mechanical properties such as strength, ductility, yield ratio, and strain hardening exponent were varied with strain rates and testing temperature, from which the following equation was proposed:
r ¼ Cð_ eÞ m j e;T ; ½2
where r, _ e; and m are strength, strain rate, and strain rate sensitivity, respectively. This equation can provides an answer for the little correlation between quasi-static data of tensile or compressive strain hardening exponent and dynamic data of DWTT abnormal cleavage fracture. Figure 11 (c) shows the area fraction of DWTT abnormal cleavage fracture surface as a function of Charpy absorbed energy. The abnormal cleavage fracture generally increases as the toughness of linepipe steels decreases because it shows a brittle cleavage fracture mode, but is hardly related with the Charpy absorbed energy. This might be because various mechanical properties such as strength, ductility, and strain hardening as well as Charpy impact energy simultaneously affect the occurrence of DWTT abnormal cleavage fracture.
C. Correlation Between Dynamic Compressive Strain Hardening Exponent and DWTT Abnormal Cleavage Fracture
When an abrupt impact is applied into a specimen under dynamic compressive or DWTT loading conditions, the specimen is subjected to both thermal softening and strain hardening. [41] The strain hardening is predominant before the maximum flow stress, while the thermal softening is predominant after the maximum flow stress. [41] The strain hardening exponent obtained from the dynamic compressive test is considerably higher than that obtained from the quasi-static tensile or compressive test as shown in Tables IV, V, and VII. This is because the dislocation density increases with increasing strain rate, while the dislocation cell size decreases, which results in the increased strain hardening. [42] According to Ghomi and Odeshi, [41] the localization of shear bands or cracks accelerated the fracture, which could change the shape of dynamic stress-strain curves. Thus, it is reasonable that the abnormal cleavage fracture occurring under very fast strain rates should be analyzed by strain hardening exponents obtained from the dynamic compressive test, instead of the quasi-static tensile or compressive test. Boyce and Dilmore [43] reported from tensile test results under different strain rates that area fractions of ductile and brittle fractures were varied with strain rate. This can also support that the occurrence of abnormal cleavage fracture is greatly influenced by strain rate.
[44] Figure 12 shows the area fraction of DWTT abnormal cleavage fracture surface as a function of strain hardening exponent obtained from the dynamic compressive test. The tendency of the increased DWTT abnormal cleavage fracture with increasing strain hardening exponent is observable. This tendency can be more clearly visible when steels having similar Charpy impact energy levels are grouped. In Figure 12 , the B1, B2, B3, B4 steels whose Charpy impact energies are higher than 370 J are indicated by blue triangles, and the A and C steels whose Charpy impact energies are lower than 265 J are indicated by red circles. In each steel group having similar impact energies, the abnormal cleavage fracture tends to increase with increasing strain hardening exponent, as marked by yellow bands. Thus, the abnormal cleavage fracture is proportionally related with strain hardening exponents obtained from the dynamic compressive test, whereas it is hardly related with strain hardening exponents obtained from the quasi-static tensile or compressive test.
Park et al. [45] argued that the dynamic recovery was activated during the deformation of fine-grained materials as the creation rate of dislocations was balanced with the extinction rate of dislocations, thereby leading to the reduction in strain hardening. As the volume fraction of AF increases in linepipe steels, thus, the strain hardening exponent decreases because of the grain refining effect, [15, 23, 35] which results in the decrease in abnormal cleavage fracture. In the present study, the steels having high volume fraction of AF also have low dynamic strain hardening exponents, and show low area fractions of abnormal cleavage fraction surface, as shown in Tables III, V, and VI. The present study on the correlation of DWTT abnormal cleavage fracture with microstructure, tensile, compressive, and Charpy impact properties, and strain hardening behavior in linepipe steels would prove a good way to find effects of strain hardening in the hammer-impacted area on abnormal cleavage fracture behavior. In view of microstructural aspects, the high volume fraction of fine-grained AF is desirable for minimizing the abnormal cleavage fracture, while the volume fractions of BF, GB, or MA whose individual toughness is low should be reduced. In view of mechanical aspects, considering that the DWTT is performed under very fast strain rates, the strain hardening should be analyzed under a dynamic loading condition, instead of a quasi-static loading condition, in order to closely correlate with the abnormal cleavage fracture behavior. The present research idea using the dynamic compressive test can provide the reasonable explanation of abnormal cleavage fracture occurring in the hammerimpacted area. It is well known that the abnormal cleavage fracture of the DWTT specimens is relate to hardness, yield ratio, and work hardening exponent measured from the quasi-static tensile test. [13] [14] [15] [16] 31] In this study, the correlation between the abnormal cleavage fracture of the DWTT specimens and the work hardening exponent measured from the dynamic compressive test are shown, which is more progressive than previous researches. In addition, this dynamic compressive test can be recognized as an economic way to save testing time and cost for the evaluation of abnormal cleavage fracture and to provide important data for its minimization. Since only dynamic compressive tests were conducted in this study, various dynamic deformation tests under tensile and torsional loading conditions are to be conducted and analyzed in the future, considering various dynamic loading conditions of a DWTT specimen impacted by a hammer (Figure 1) . Moreover, the abnormal cleavage fracture is affected by the kinetic factors as well as the dynamic work hardening by the strong and sudden hammer impact. [10, 46] Therefore, it is needed to analyze the abnormal cleavage fracture with the values based on the fracture mechanics such as dynamic fracture toughness and crack arrest ability, and to reduce the abnormal cleavage fracture for safe pipe lines. Further research is needed to understand the mechanism of delamination formation and the role played by delamination in DWTT specimens.
V. CONCLUSIONS
In the present study, the DWTT was conducted on six API X70 and X80 linepipe steels fabricated with various compositions and rolling and cooling conditions to correlate the strain hardening with the abnormal cleavage fracture occurring in the hammer-impacted area.
1. In all the steels, fine acicular ferrites were mostly observed, while bainitic ferrite, granular bainite, and MA constituent were dispersed in the AF matrix. As the volume fraction of AF increased, the area fraction of DWTT abnormal cleavage fracture decreased because AF was tougher than any other microstructures. Since MA constituents acted as fracture initiation sites or stress concentration sources, they negatively worked for the abnormal cleavage fracture. 2. The occurrence of abnormal cleavage fracture was closely related with the strain hardening in the hammer-impacted area. The strain hardening exponents obtained from the quasi-static tensile and compressive tests were hardly related with the area fraction of abnormal cleavage fracture. This was because the strain hardening behavior could be varied with strain rates. The relationship between the area fraction of abnormal cleavage fracture and Charpy absorbed energy was not clearly visible because various mechanical properties such as strength, ductility, and strain hardening as well as Charpy impact energy simultaneously affected the occurrence of abnormal cleavage fracture. 3. The area fraction of abnormal cleavage fracture increased with increasing strain hardening exponent obtained from the dynamic compressive test. This tendency could be more clearly observed when steels having similar Charpy impact energy levels were grouped. Thus, the strain hardening should be analyzed under a dynamic loading condition in order to closely correlate with the abnormal cleavage fracture behavior since the DWTT was performed under a dynamic loading condition. 
